Morphological characters are essential for establishing phylogenetic relationships, delimiting higher-level taxa, and testing phylogenetic relationships inferred from molecular sequence data. In cases where relationships between large clades remain unresolved, it becomes imperative to establish which character systems are sound predictors of phylogenetic signal. In the case of Laniatores, the largest suborder of Opiliones, some superfamilial relationships remain unresolved or unsupported, and traditionally employed phenotypic characters are typically of utility only at the family level. Here we investigated a promising set of morphological characters that can be discretized and scored in all Opiliones: cuticular structures of the distal podomeres (metatarsi and tarsi). We intensively sampled members of all known families of Laniatores, and define here three new, discrete appendicular characters toward refinement of Laniatores superfamilial systematics: metatarsal paired slits (MPS; occurring in all Laniatores except Sandokanidae), proximal tarsomeric gland (PTG; in Icaleptidae, Fissiphalliidae, and Zalmoxidae), and tarsal aggregate pores (TAP; found in Gonyleptoidea, Epedanoidea, and Pyramidopidae). We conducted statistical tests on each character to characterize the strength of phylogenetic signal and assess character independence, based on alternative tree topologies of Laniatores. All three characters had high retention indices and bore significantly strong phylogenetic signal. Excepting one pairwise comparison, morphological characters did not evolve in a correlated manner, indicating that appendicular morphology does not constitute a single character system. Our results demonstrate the predictive power and utility of appendicular characters in Opiliones phylogeny, and proffer a promising source of diagnostic synapomorphies for delimiting superfamilies.
Introduction
The diversity of the harvestman suborder Laniatores constitutes a compelling case of morphological diversification. With over 4100 described species, Laniatores encompass much of the breadth of morphological variation observed in the arachnid order Opiliones, including numerous lineages with legs of variable length, embellished coloration, an array of armature types and body shapes, and adaptations to various ecological niches (Kury, 1993; Rambla, 1993; Pinto-da-Rocha, 2002; Willemart et al., 2006; Derkarabetian et al., 2010) . Recent efforts to infer higher-level Laniatores phylogeny have been based principally on molecular sequence data and have contributed to testing the composition and monophyly of the Laniatores superfamilies. An outstanding area of inquiry in Laniatores systematics is the relationships among superfamilies of the infraorder Grassatores, a division that includes ca. 3600 species.
Some relationships among Grassatores superfamilies based on molecular data remain either unsupported or sensitive to algorithmic approaches (Fig. 1) . The application of morphological data, either exclusively or in concert with molecular data, has generally been directed toward subordinal relationships within Opiliones (Martens, 1976 (Martens, , 1980 (Martens, , 1986 Shultz, 1998; Giribet et al., 1999 Giribet et al., , 2002 Garwood et al., 2011) . Due to limitations in sampling Laniatores and the suitability of the character systems implemented, these previous efforts have supported the monophyly of Laniatores and Grassatores, but have not been able to provide a stable set of relationships between constituent superfamilies. This is due in part to the autapomorphic nature of genitalic characters at higher taxonomic ranks. Although genitalic characters are of great taxonomic utility and predominantly comprise the synapomorphies of most Laniatores families (with some defined exclusively based on genitalic structures), the homology of various elements of the male copulatory apparatus becomes ambiguous with increasing phylogenetic distance, namely at the superfamilial level. By contrast, the female ovipositor has a largely conserved architecture among Laniatores (Martens, 1976; Kury, 1993; .
A fundamental dimension that morphological characters are anticipated to provide in higher-level Laniatores phylogeny is the identification of characters that can validate or refute phylogenetic hypotheses inferred on the basis of molecular sequence data alone. Particularly in cases where relationships inferred from molecular data are tenuous and/or challenge traditional systematics, both re-examination of the previously regarded morphological synapomorphies and surveys of novel putative synapomorphies are requisite, especially if these are available from independent sources of phylogenetic data (reciprocal illumination, sensu Hennig, 1966) . In the case of Laniatores, the sister group of the most diverse superfamily, Gonyleptoidea (including Stygnopsidae), has long been contentious and remained a recalcitrant problem for a 10-gene dataset . Similarly, the placement of the autapomorphic family Sandokanidae remains uncertain even at the level of superfamilial placement Giribet, 2009, 2011; Giribet et al., 2010) . Finally, the identification of any morphological characters uniting an assemblage of Southeast Asian families consistently recovered by molecular data (Epedanoidea, sensu remains of great potential value to Laniatores systematics.
A promising set of characters for inferring relationships between Laniatores superfamilies may be cuticular structures such as glands, secretory pores, and sensory structures, as suggested for the suborder Cyphophthalmi (Willemart and Giribet, 2010) . Gnaspini and Rodrigues (2011) observed a correspondence between the morphology of the repugnatorial gland opening area of several Grassatores and the phylogeny of this group (tree topology based on Giribet et al., 2010) . Willemart et al. (2007 similarly reported the disposition of tegumental gland openings in the legs of numerous Opiliones, with emphasis on Laniatores. The correspondence between these glands and a revised Laniatores phylogeny was subsequently noted as a potential source of diagnostic characters , but the degree of evolutionary lability of appendicular gland openings as a viable character system for Opiliones phylogenetics remains untested.
We therefore endeavored to sample a suite of morphological characters in all known families of Laniatores (sensu ; but see classification of Kury, 2011) . We focused on the morphology of two distal leg podomeres, metatarsi and . Question mark in edge corresponding to Sandokanidae indicates uncertainty in the phylogenetic placement of this family. Superfamilies of Insidiatores are not used, as Triaenonychoidea (Triaenonychidae + Syntheonychiidae) is not monophyletic and families of Travunioidea sampled herein have been synonymized as Travuniidae by Kury (2011). tarsi; identified and scored multiple discrete characters from these segments; and conducted statistical tests to characterize inherent phylogenetic signal and degree of character independence.
Materials and methods

Species sampling
Specimens for study were accessed from the frozen tissue collection at the Museum of Comparative Zoology. We sampled 35 species of Grassatores and five species of Insidiatores, with a large proportion of these drawn from material used for previous molecular phylogenetic study . Our sampling of outgroups consisted of three Eupnoi, two Dyspnoi, and one Cyphophthalmi, and our ingroup included 63 individuals (27 males, 23 females, 13 undetermined). The list of specimens, including voucher numbers, is found in Appendix 1; collecting details are available in the MCZ collections database (mczbase.mcz.harvard.edu).
Scanning electron microscopy
Legs of specimens were cleaned using a Branson 200 sonicator, in a 1 : 10 dilution of detergent, and subsequently in deionized water only. The sonication step was also conducted to break the trichomes concealing tegumental structures. The duration of sonication was determined empirically. Cleaned legs were dried in 100% acetone and mounted on 12 mm SEM stubs (Electron Microscopy Sciences, Hatfield, PA, USA) using Ultra-Smooth carbon adhesive tabs (Electron Microscopy Sciences, Hatfield, PA, USA). Samples were coated with a Pt-Pd target using a Cressington 208HR sputter coater and photographed on a Zeiss Ultra-Plus FESEM or on a Zeiss Supra FESEM (field emission scanning electron microscope) at the Center for Nanoscale Systems, Harvard University. Images were taken in mesal, ectal, and/or dorsal view by rotating the stub, remounting the appendage, or mounting multiple appendages in alternate placements. Presence of a given character was established in one or more leg pairs, and absence was scored if a given structure was not observed in any of the legs.
Ancestral state reconstruction
Ancestral state reconstructions were conducted in Mesquite ver. 2.75 (Maddison and Maddison, 2011) under equal weights parsimony. The bases for the reconstruction were two tree topologies from a previous study . The first was the ultrametric dated tree topology generated using simultaneous estimation of topology and divergence times ( Figure 17 of . This topology, which favours a sister relationship of Sandokanidae and Podoctidae (see also Sharma and Giribet, 2009; Giribet et al., 2010) , is consistent with a series of morphological characters supporting a Sandokanidae + Podoctidae clade, such as the occurrence of tubercular bridges between the prosoma and opisthosoma in many species, reduced tarsalia, and first postembryonic stages with undivided tarsi on legs I-II. The second topology used to infer character evolution was the maximum likelihood topology of , which placed Sandokanidae in a grade with Phalangodidae at the base of Grassatores. The use of alternative topologies was prompted by the autapomorphic nature of many aspects of sandokanid morphology, which renders the exact placement of this family within Laniatores contentious. In cases of ambiguity, both accelerated and delayed transformations of character state (ACCTRAN and DELTRAN, respectively) were chosen to resolve equally parsimonious reconstructions, following Agnarsson and Miller (2008) .
Analysis of phylogenetic signal
Phylogenetic signal of each morphological character was inferred using two metrics computed on the ultrametric and ML topologies (above). The first was the traditionally used character retention index (ri). The second was the D statistic of Fritz and Purvis, whereby we tested for phylogenetic signal of each discrete character (Fritz and Purvis, 2010) . D is defined as
where Σd obs is the number of changes required for the observed distribution of character states on the input phylogeny; d R is a distribution of d values generated by randomly shuffling values of the character on the tips of the phylogeny; and d B is a distribution of d values generated under the expectations of a Brownian motion model of evolution (i.e. a random walk model) (Fritz and Purvis, 2010) .
D is close to or > 1 if character evolution cannot be distinguished from random phylogenetic structure, 0 if character evolution corresponds to a Brownian phylogenetic structure, and < 0 if a binary trait is more conserved than the Brownian expectation (Fritz and Purvis, 2010) . We implemented 1000 permutations to generate the null distribution of each character, using the caper package in R (Orme et al., 2012) .
Statistical analysis of trait correlation
To test for character independence, we conducted tests for correlation of discrete binary characters for all pairwise comparisons of the four appendicular characters, using BayesTraits ver. 1.0 and the method of Pagel and Meade (2006) . Both competing tree topologies were used for this analysis. We tested two models of character evolution, a discrete independent model and a discrete dependent model, and analysed trait evolution under maximum likelihood. For each combination of character pair and model, 500 maximum likelihood optimizations were conducted.
Results
Identification of morphological characters
We identified and scored three morphological characters in the distal-most podomeres (metatarsi and tarsi) of Laniatores. To provide a basis for analytical comparison of phylogenetic signal, we included in the analysis the double claws of tarsi III and IV, a synapomorphy of Grassatores. The double claw constitutes a discrete binary character that undergoes a single change in the phylogeny. The three other characters are discussed in turn.
Metatarsal paired slits
The metatarsal paired slits (MPS) comprise a small retrolateral slit followed by a longer distal slit in the vicinity of some sensilla basiconica 1 (Willemart et al., 2007) in the most distal part of the calcaneus of all four pairs of legs (arrowheads in Fig. 2b-j) . The basic structure of the MPS, as described by Willemart et al. (2007) , is very conserved. MPS occur in all Laniatores, except in Sandokanidae (Fig. 2k) . In cases where the sensilla were broken, we assumed that they were sensilla basiconica based on positional homology, as inferred from other legs in the same species and/or closely related species. We found interfamilial variation in the number of sensilla basiconica and in the shape of the integument underneath. For instance, the number of sensilla ranged from two in most cases (black arrows in Fig. 2b ,i) to five in Tithaeidae and Assamidae species (black arrows in Fig. 2f,h ). The cuticular surface underneath the setae varied from flat to smooth (Assamiidae; Fig. 2h ) to a very pronounced tubercle (Icaleptidae; bracket in Fig. 2j) . No intra-individual variation was detected within legs III and IV.
We corroborate the presence of the MPS in all Laniatores families except Sandokanidae (Fig. 2k) , and absence in the outgroup suborders, Eupnoi, Dyspnoi, and Cyphophthalmi (e.g. Fig. 2a) . Intriguingly, we found a very similar pair of dorsal slits in the distal part of the tibia in all leg pairs of Sandokan truncatus. The distal slit is wider (black arrowhead in Fig. 2l ) and the proximal is shorter (white arrowhead in Fig. 2l) , as with the MPS. Sandokan truncatus also bore a group of sensilla (8) (9) (10) (11) (12) (13) (14) in the most distal part of the metatarsus of all four legs (bracket in Fig. 2k ). Another sandokanid, Gnomulus sp., also lacked the sensilla in the metatarsus. 
Proximal tarsomeric gland
A previously undescribed aggregation of pores occurring on the mesal and ectal surfaces of the most proximal tarsomere of leg IV was inferred to constitute the proximal tarsomeric gland (Figs. 3 and 4) . The proximal tarsomeric gland (PTG) occurs in all Icaleptidae, Fissiphalliidae, and Zalmoxidae specimens analysed (Fig. 3) . This structure has an elongate ovular shape, with variation in the number of pores (12-30 pores). Dorsoventral placement of the PTG varies among families (Fig. 3a-c) . The three Zalmoxidae species we investigated showed the gland in leg IV of both sexes (bracket in Fig. 3a) . We also observed the structure in one female Fissiphalliidae (bracket in Fig. 3b ) and one female Icaleptidae (white arrowheads in Fig. 3c ), but males of these two families were not available for study.
A different, but also undescribed, glandular structure was observed in the most proximal tarsomere of legs III and IV of a female Escadabiidae (Fig. 4a,b) . This aggregation is very elongated along the proximodistal axis of the tarsomere (bracket in Fig. 4a ), which in turn is much longer than its counterparts in Zalmoxidae, Fissiphalliidae, and Icaleptidae. The homology of the escabadiid gland and the PTG is not definitive; we alternately scored the PTG as absent or present for Escadabiidae in two separate analyses (see below).
We did not observe the PTG in Kimulidae, which also lack an elongate proximal-most tarsomere (Fig. 4c) . In Guasiniidae, pores resembling those of Escadabiidae occur sparsely throughout the elongate proximal tarsomere (which is not as elongate as in Escadabiidae; white arrowheads in Fig. 4d ). However, no aggregation of pores is formed in Guasiniidae.
Tarsal aggregate pores
A distinct aggregation of pores occurs in the dorsolateral regions on the mesal and ectal surfaces of the distal-most tarsomere of legs III and IV, named the tarsal aggregate pores (TAP). As previously described by Willemart et al. (2007) , this aggregation is associated with the base of a group of trichomes. To be Fig. 9 . Ancestral state reconstruction of morphological characters (3) and (4), broadly interpreted. Tree topologies, colour notations, and optimization as indicated in Fig. 8 . Cladograms based on scored as a presence, the structure had to meet three criteria: (i) possess more than two pores, in a discrete aggregation, (ii) be associated with an aggregation of trichomes, and (iii) be sagittally symmetrical in the distal-most tarsomere (as in Fig. 5a,b) . We observed neither sexual dimorphism nor differences between the TAP of legs III and IV within species. In many cases when the TAP trichomes were not broken, we observed an intertwined disposition of these setae, which was never observed in the rest of the tarsomere (black arrowheads in Fig. 5c ).
Glandular openings with these three characteristics were observed in all families of Gonyleptoidea (Agoristenidae, Cosmetidae, Cranaidae, Gonyleptidae, Manaosbiidae, Stygnidae, and Stygnopsidae), three families of Epedanoidea (Epedanidae, Tithaeidae, and Podoctidae), and Pyramidopidae. Glandular openings meeting at least two of the defining criteria were also observed in Samooidea (Biantidae, Samoidae, and Stygnommatidae; all three bear pore aggregations that are sagittally symmetrical, but an association with trichomes is ambiguous due to the incidence of ventral scopulae in the vicinity of the pores; discussed below). Pores in similar position were observed in Guasiniidae and one of the two Zalmoxidae species we examined, but were neither associated with trichomes nor sagittally symmetrical in the zalmoxoids (data not shown).
In Gonyleptoidea (Fig. 5) and Epedanoidea (Fig. 6a-c) with a TAP, the character had very similar position and general morphology (white arrowheads in Figs 5 and 6 ). The number of pores in each aggregation varied from four to five in Stygnopsidae and Cosmetidae (Fig. 5b ,f, respectively) up to 40 in Cranaidae (Figs 5g and 7a) . Within the family Gonyleptidae, there was also variation in pore counts between subfamilies. A cobanine and a goniosomatine (Cobania picea [ Fig. 7b ] and Heteromitobates discolor [ Fig. 7d] ) bore a maximum of 21 pores per aggregation, whereas the heteropachyline Pseudopucrolia mutica bore four to nine pores per aggregation (Fig. 7e) .
Epedanoidea ( Fig. 7f-h ) generally bore the same number of pores per aggregation as basally branching Gonyleptoidea. Tithaeids bore four to five pores (Fig. 7g) , whereas epedanids bore two to three (Pseudoepedanus dolensis; not shown) or up to seven pores (Alloepedanus sp.; Fig. 7f ). Similarity in position and clear association with the base of trichomes make the presence of the TAP unambiguous in these Epedanoidea. In some cases, epedanoids also bore intertwined setae (e.g. Fig. 7f ), comparable with those of gonyleptoids.
Similarly, Pyramidopidae bore a reduced number of pores (two to four), associated with very characteristic curved trichomes in a symmetrical disposition (Figs 6d  and 7i ). The position is comparable with that seen in the Gonyleptoidea families.
The aggregate pores of the three Samooidea families (Figs 6e-g and 7j) were different from those of Gonyleptoidea (Fig. 5) and Epedanoidea (Fig. 6a-c) . The position was more lateral than in Gonyleptoidea and fewer pores were present (two to three). Associa- Probabilities of random and Brownian phylogenetic structure as shown (H 0 , null hypothesis of random phylogenetic structure; H B , alternative hypothesis of Brownian phylogenetic structure). DC, double claws on legs III and IV; MPS, metatarsal paired slits; PTG, proximal tarsomeric gland; TAP, tarsal aggregate pores. PTG and TAP with asterisks indicate broadly interpreted character states, as depicted in Fig. 9 . Likelihoods of character evolution under dependent and independent evolution, and associated likelihood ratios, are indicated. Asterisk indicates statistically significant trait correlation. Abbreviations as in Table 1. tion with trichomes was ambiguous, because the pores were very close to or at the base of trichomes of the ventral scopulae (characteristic of Samooidea), which were all broken during the SEM preparations (Fig. 6g) .
In the triaenonychid Larifuga cf. capensis Lawrence, 1931, pores were present but more sparsely distributed and did not form an aggregation (Fig. 6h) . We observed pores in the same region of legs I and II, also in small numbers and not positioned in sagittal symmetry.
Ancestral state reconstruction
Reconstruction of morphological character evolution was based on two alternative topologies of Laniatores relationships . For either topology, MPS was gained at the root of Laniatores and secondarily lost in Sandokanidae (cost = 2) (Fig. 8) .
Under conservative coding (presence in Icaleptidae, Fissiphalliidae, and Zalmoxidae), PTG was gained once in the most recent common ancestor of these three Zalmoxoidea families (cost = 1) (Fig. 8) . A broader definition of this character (i.e. additional presence in Escadabiidae) resulted in two independent gains of this character (cost = 2; Fig. 9) ; an equally parsimonious reconstruction (under ACCTRAN; Fig.  S1 ) is a gain at the base of Zalmoxoidea, with subsequent loss in the clade Kimulidae + Guasiniidae.
Conservative scoring of TAP resulted in alternative reconstructions contingent upon tree topology. Under the dated tree topology, TAP is independently gained at the base of Gonyleptoidea + Epedanoidea and in Pyramidopidae, and subsequently lost in the epedanoid families Sandokanidae and Petrobunidae (cost = 4). Under the maximum likelihood topology, four independent acquisitions of TAP are reconstructed (cost = 4) (Fig. 8) . However, an alternative most parsimonious reconstruction recovers a gain of TAP at the node corresponding to the non-phalangodid and non-sandokanid Grassatores, followed by three independent losses in Petrobunidae, Assamiidae, and the clade Samooidea + Zalmoxoidea (ACC-TRAN; Fig. S2) .
A broader interpretation of TAP scored a presence of this character for all Samooidea (Fig. 9) . As with the conservative scoring, the reconstruction is sensitive to the tree topology. Based on the dated tree, three independent acquisitions of TAP are reconstructedin Pyramidopidae, Samooidea, and the clade Gonyleptoidea + Epedanoidea. The character is secondarily lost in Sandokanidae and Petrobunidae (cost = 5). Under the maximum likelihood topology, TAP is reconstructed as under ACCTRAN optimization of the conservative coding on the same tree (cost = 4) (Fig. 9) .
Phylogenetic signal and character independence
Inference of phylogenetic signal was based on the retention index (ri) and the Fritz and Purvis D test for discrete characters. For comparison with a non-homoplastic character, we also scored the presence of double claws on legs III and IV, an unambiguous synapomorphy of Grassatores (ri = 1). Parsimonybased reconstruction of all three morphological characters reported here (MPS, PTG, and TAP) on both alternative tree topologies resulted in low homoplasy and demonstrable phylogenetic signal (ri ! 0.85) ( Table 1) . Broader interpretation and scoring of PTG and TAP had different effects on the ri, with a lower value for PTG (ri = 0.889 for either topology) but a higher value for TAP (ri = 0.917 for ultrametric topology; ri = 0.929 for ML topology).
Consistent with the high values of ri, negative values of D were obtained for all characters, indicative of non-random phylogenetic signal and high evolutionary conservation. Tests for phylogenetic signal for all characters and character codings rejected the null hypothesis of random phylogenetic signal (P << 0.01), favouring instead a model of strong phylogenetic structure (P ! 0.95) ( Table 1) .
Pairwise tests for trait correlation revealed no significant associations (at a = 0.05) between characters, save for one. The null hypothesis of independent evolution in MPS and TAP was rejected (P = 0.0208) in favour of a model of correlated evolution, but only for the ultrametric topology (Table 2) .
Discussion
The pursuit of morphological characters to elucidate Laniatores superfamilial relationships offers many character systems for study, but few with demonstrable utility at the superfamilial level. Here we examined cuticular structures of the distal walking leg podomeres, defining three new morphological characters for study. We review morphological evolution and systematic contributions of each character in turn.
Metatarsal paired slits reinforce the autapomorphic nature of Sandokanidae Among Opiliones, metatarsal paired slits (MPS) occur exclusively in Laniatores and constitute a conserved character with respect to the number of slits and their position on the calcaneus of the podomere (Willemart et al., 2007 (Willemart et al., , 2009a (Fig. 2) . Interfamilial differences exist in the underlying integument, but this may constitute a separate character associated with the calcaneus, and was not investigated here. The MPS almost constitute an unambiguous synapomorphy of Laniatores, save for the secondary loss of this character in Sandokanidae (Fig. 2k) .
Sandokanidae is the only family of Laniatores with phylogenetic affinities highly sensitive to algorithmic treatment. It constitutes a curious lineage, once held to be the sister group of the remaining Grassatores (e.g. Martens, 1976; Martens et al., 1981) , whose phylogenetic position has remained ambiguous in more recent years (Schwendinger, 2007; Giribet, 2009, 2011) . Morphologically, the family harbours numerous autapomorphies, such as a scutum completum (which occurs in the distantly related Cyphophthalmi), highly reduced tarsalia, and a laterally compressed ovipositor, among others (Schwendinger, 2007; Sharma and Giribet, 2009 ). The secondary loss of MPS reconstructed on both tree topologies reinforces the atypical morphology and uncertain placement of this family among Grassatores. The absence of MPS in Sandokan truncatus is all the more intriguing due to the presence of paired slits on the tibiae of all walking legs of this species (arrowheads in Fig. 2l ). These tibial slits may represent a translocation of the MPS. Mechanistically, translocation can be achieved by modification of a developmental program along the proximo-distal axis, displacing slit organs from the metatarsi to the tibiae. Alternatively, independent evolution of slit organs on a more proximal podomere, with subsequent loss of the metatarsal counterparts, may result in the state observed in extant sandokanids. The developmental genetic basis of proximo-distal axial patterning in harvestmen is known to be highly comparable with that of spiders at the level of leg gap gene activity . The subsequent mechanism by which segmental identities are conferred upon individual podomeres is unknown in arachnids (Pechmann et al., 2010) , but may be analogous to its counterpart in insects (Kojima, 2004; Angelini and Kaufman, 2005) . If this mechanism were deduced for arachnids, and a reliable genetic marker for the MPS were discovered, it may be possible to test by gene expression whether the paired slits of Sandokanidae and other Laniatores are homologous and represent translocation, or whether they are patterned by independently evolved mechanisms. The recent advent of gene-silencing techniques in harvestmen also proffers the possibility of testing functionally the association between cuticular structures and the podomeres that harbour them (Sharma et al., 2013) .
As few behavioural data have been collected for most Laniatores, much less sandokanids, the functions of tibial and metatarsal slits are not well understood. For the present, we treated the tibial slits of Sandokanidae as a different character from the MPS despite their superficial similarity.
Proximal tarsomeric glands support relationships within Zalmoxoidea
On the basis of molecular sequence data and a few morphological characters (including appendicular gland structures; , two erstwhile constituents of Samooidea-Escadabiidae and Kimulidae -were transferred to Zalmoxoidea . The occurrence of a gland on the proximal-most tarsomere of leg IV (PTG) supports a clade comprised of Icaleptidae, Fissiphalliidae, and Zalmoxidae, commonly termed "core Zalmoxoidea". This relationship was previously supported by other morphological characters pertaining to the male copulatory apparatus (Kury and P erez-Gonz alez, 2002; Kury and Pérez-González, 2007; Pinto-da-Rocha and Kury, 2003) , as well as a molecular phylogeny of Zalmoxoidea . Absence of the PTG in Guasiniidae also corroborates the exclusion of this cryptic family from the core Zalmoxoidea (Fig. 4d) ; previous description of the male copulatory apparatus had similarly suggested placement of guasiniids among basal groups .
A gland comparable with the PTG occurs on the elongate proximal tarsomere of legs III and IV in Escadabiidae (Fig. 4a) -a character we found difficult to interpret unambiguously. We therefore scored the PTG alternately as present and absent for Escadabiidae in two separate reconstructions. Two equally parsimonious reconstructions indicate that the PTG is independently acquired in Escadabiidae and the core Zalmoxoidea (under DELTRAN; Fig. 9 ), or acquired at the base of Zalmoxoidea and lost in Guasiniidae + Kimulidae (under accelerated transformation [ACCTRAN]; Fig. S1 ). We note that the former reconstruction is more parsimonious under the alternative topology of Zalmoxoidea proposed by , wherein Guasiniidae is nested within Escadabiidae. These results disfavour the homology of the core Zalmoxoidea PTG and the escadabiid structure. However, we note that these results are highly contingent upon taxonomic sampling, and numerous zalmoxoids of uncertain familial placement (e.g. Costabrimma, Phalangodinella; Kury, 2003; Giribet et al., 2010; should be scored for this character and placed definitively in the phylogeny of Zalmoxoidea in order to elucidate the nature of the escadabiid proximal tarsomeric character state.
Moreover, the comparably elongate proximal-most tarsomere of Escadabiidae and Guasiniidae, both of which bear pores along the proximo-distal axis, accord with the alternative topology of Zalmoxoidea . The denser sampling of Escadabiidae from the Guyana Shield in that study, together with the similar morphology of the guasiniid and escadabiid tarsomeric pores, potentially threatens the sys-tematic validity of Guasiniidae. Whether guasiniids constitute troglomorphic escadabiids is an intriguing topic for future investigation.
Tarsal aggregate pores suggest phylogenetic proximity of Epedanoidea and Gonyleptoidea
The identity of the sister group of Gonyleptoidea, the most speciose superfamily of Laniatores, remains an outstanding and unresolved issue in Opiliones phylogeny. Gonyleptoidea (including Stygnopsidae) is postulated to be sister to Assamioidea on the basis of similarities in copulatory structure (Kury, 1993; Giribet and Kury, 2007) , whereas molecular sequence data indicate either sister relationship to, or placement in a grade with, Epedanoidea or some combination of epedanoids and assamioids .
The discovery and sampling of the TAP (Willemart et al., 2007) , strictly defined, represents a morphological character potentially revealing of basal Grassatores relationships. TAP occur in one of two Assamioidea families (Pyramidopidae), all Gonyleptoidea, and three of five Epedanoidea families (Epedanidae, Podoctidae, and Tithaeidae). On the ultrametric tree topology, the most parsimonious reconstruction indicates two acquisitions of TAP, in Pyramidopidae and at the base of Gonyleptoidea + Epedanoidea; two independent losses are reconstructed in Petrobunidae and Sandokanidae. On the maximum likelihood tree topology, two most parsimonious reconstructions are possible. Under DELTRAN, TAP is acquired four times independently (Fig. 8) , but under ACCTRAN, TAP is gained once at the base of the non-phalangodid and non-sandokanid Grassatores, and subsequently lost in three lineages (Fig. S2) .
The occurrence of this character in the majority of Epedanoidea and all Gonyleptoidea is suggestive of phylogenetic proximity between these superfamilies, consistent with the topologies based on 10 genes . The incidence of this character in Pyramidopidae may represent either retention of the plesiomorphic state or an independent acquisition. However, given the diversity of Assamiidae, it is possible that unrepresented basal assamiids also have this character. While we endeavoured to sample multiple assamiids, phylogenetic relationships within this family, and ipso facto the identities of the basal lineages, are effectively unknown .
Nevertheless, to determine whether stringent coding of TAP engendered predisposition to being scored as present in Gonyleptoidea and Epedanoidea, we employed an alternative coding, broadening the definition of TAP to mean a character that met any two of the three criteria defined above. The results were generally similar to those under a strict definition of TAP, under either topology (Fig. 9) .
The TAP and the PTG are structures of unknown function awaiting both histological and behavioural investigation. Previously, Willemart et al. (2007) reported that both males and females of two gonyleptid species rub legs III and IV on the substrate while walking, and males of a gonyleptine (Neosadocus sp.) also engage in this behaviour during male-male combat (Willemart et al., 2009b) . The execution of this behaviour, specifically the dragging of the tarsus, with twisting of the leg to allow contact between the lateral podomere and the substrate, is suggestive of a role for these structures in chemical marking of the substrate, at least in Gonyleptidae.
Appendicular characters bear strong phylogenetic signal
Often the character systems utilized in Laniatores systematics are specific to derived lineages of interest and are inapplicable for broad assessment of basal relationships. Such is the case for a suite of characters pertaining to coloration, armature, or elements of the copulatory apparatus that are of great utility, but suited for the systematics of Gonyleptoidea (e.g. Pinto-da-Rocha, 2002; da Silva and Gnaspini, 2009; Yamaguti and Pinto-da-Rocha, 2009 ), insofar as most other Laniatores lack coloration and differ from the gonyleptoid bauplan. The advantage of the appendicular characters reported here is that they can be scored for all Laniatores, in spite of alternative interpretations of character states (Figs. 8 and 9 ). But applicability to all Laniatores is hardly any guarantee of phylogenetic utility, and we therefore characterized phylogenetic signal of each character in order to test their predictive power. We used the double claws (DC), a synapomorphy of Grassatores, as a benchmark for comparison (ri = 1, D < 0).
High retention indices (ri ! 0.85) and large negative values of the Fritz and Purvis D for all characters indicate strong inherent phylogenetic signal across the Laniatores tree (Table 1) . Even when broadly interpreted (PTG and TAP), trait evolution was more strongly conserved (D -1) than the Brownian expectation (i.e. random walk model; D % 0), with no support for a null model of random phylogenetic structure (i.e. D % 1). These results disfavour the lability of either character at the level of Laniatores superfamilial relationships. The comparability of D values for PTG and TAP with that of the double claw-a traditional and bona fide synapomorphy of Grassatores-supports the use of such appendicular characters for defining superfamilylevel synapomorphies. Furthermore, tests for correlated trait evolution favour independence of all pairwise character combinations, save for the MPS and TAP (Table 2) . A significant correlation between the two may be driven by secondary losses of both characters in Sandokanidae, but this correlation was obtained only on the ultrametric tree topology.
Our results are consistent with evolutionary conservation of appendicular cuticular characters and their phylogenetic utility for higher-level laniatorid systematics. Ongoing efforts toward identifying morphological synapomorphies of Laniatores superfamilies and constituent clades are anticipated to sample these and other appendicular characters more broadly (Willemart et al., 2009a) .
Conclusion
The three new morphological structures investigated here constitute independent characters with strong phylogenetic signal that shed light on Laniatores systematics. MPS constitute a synapomorphy for Laniatores, with a secondary loss in the autapomorphic Sandokanidae. PTG is a synapomorphy of the core Zalmoxoidea. TAP is suggestive of a close relationship between Gonyleptoidea and Epedanoidea.
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